Abstract. This paper presents the investigation of minimum recast layer of zirconium oxide (ZrO 2 ) due to micro-EDM using EDM-3 synthetic oil as dielectric fluid and tungsten as the tool electrode with control parameters of rotational speed and gap voltage. The investigation was performed using multi-process micro machine tools DT 110. The recast layer thickness was observed using scanning electron microscope and its hardness was measured using micro-Vickers hardness tester. The hardness data were analyzed and an empirical model was developed. The optimum value for minimum recast layer hardness was 873.46 Hv with rotational speed of 395 rpm and gap voltage of 110 V.
Introduction
Ceramic materials such as aluminium oxide (Al 2 O 3 ) and zirconium oxide (ZrO 2 ) are commonly used in moulds and dies, electronic devices, semiconductor systems, and in biomedical field. It is due to their admirable material properties such as high strength, high hardness, high melting temperature, low density, high chemical inertness, and biocompatibility [1] . Reseachers introduced electrode discharge machining (EDM) to machine ceramics due to its capability in machining complex three-dimensional shape altough its nature of machining is only applicable for hard and brittle conductive materials [2, 3] . Hence, assisting electrode method (AEM) need to be use in order to machined non-conductive ceramic using EDM [2, 4, 5] .In AEM, a conductive layer is applied on top of the non-conductive ceramic to initiate sparks between the workpiece and the electrode [1, 5, 6] . During the erosion process, the assisting electrode will be eroded. High temperature that occurs at the surrounding of the dielectric fluid will degenerate the polymer chains and produce carbon elements from cracked polymer chains. The carbon elements with conductive debris covers the ceramic surface to sustain the conductivity during the erosion process. Hence, oil based dielectric fluid such as kerosene is suggested to be used in order to continue the process after the conductive layer is relapse [1, 4, 6] . "Recast layer" or "white layer" is a thin layer of re-solidified material formed when current from EDM process melts on the workpiece. The EDMed surface is heated during the machining process and modifies the metallurgical structure. This is because the surface will undergo a very sharp temperature gradient during the machining which causes high thermal residual stresses [7, 8] . Surface quality such as tensile stress, strain, intensity, stiffness, and residual stress can also be affected by the formation of recast layer. So, in order to achieve long service life, better surface finish, higher precision, less energy usage, better surface quality, and less process time, recast layer need to be eliminated [9] . Thus, the objective of this paper is to investigate minimum recast layer of ZrO 2 by micro-EDM using EDM-3 synthetic oil as dielectric fluid and tungsten as the electrode with control parameters of rotational speed and gap voltage.
Experiment and Measurement
The experiment was designed using general factorial of two factors with four levels (4 2 ) statistical model, where the two controlled parameters were gap voltage and rotational speed. A total of 16 experiments were conducted using micro-EDM in DT-110 Mikrotools machine (Mikrotools Inc., Singapore) to complete the analysis of recast layer hardness. The experimental parameters are shown in Table 1 . ZrO 2 plate with 92 % purity was used as the substrate with dimension of 20 mm x 15 mm x 10 mm.
The process started by fixing copper adhesive foil on the workpiece. The copper adhesive foil acted as an assisting electrode to initiate spark during machining process. As for micro-EDM setup, tool electrode was clamped in the spindle while the substrate was clamped on the worktable and submerged in dielectric fluid. After that, the parameters were inserted in NC program before running the machining operation. During the machining operation, the dielectric fluids were continuously circulating.
The substrate was cleaned by ultrasonic cleaning machine (BRANSON 2510) and sputter coated with gold by auto fine coater (JEOL JFC-1600). Then, scanning electron microscope (SEM) (JEOL JSM-5600) was used to estimate the recast layer thickness. Hardness test was done using microVickers hardness tester (Mitutoyo MVK-H2) in order to get a better analysis. Five different readings at different location of recast layer were taken for the hardness test from each experiments. The average of the hardness for recast layer was calculated and tabulated in Table 2 . Analysis of variance (ANOVA) approach was used to check the sufficiency of the model.
Analysis and Discussions
ANOVA was used to check the influence and interaction of the parameters on recast layer hardness. The model developed for this analysis as shown in Eq. 1 was modified response surface cubic model. Based on Table 3 , model F value of 10.79 indicates the model is significant. There is only 0.09% chance of noise occurred in the model of F value. The value of Prob > F less than 0.05 indicates the factors n, n 2 , n 3 , v, nv are significant.
where, H = hardness (Hv), n = rotational speed (rpm), and v = gap voltage (V). Fig. 1a shows the relationship between rotational speed and gap voltage of recast layer hardness. It is shown that the lower the gap voltage, the harder the recast layer hardness would be. With the increment of carbon element, the recast layer hardness would increases. At low gap voltage, longer machining time with pitch black tool electrode helps in production of high carbon elements that were deposited on micro-EDMed area. The carbon elements were produced due to the degeneration of the polymer chains of dielectric fluid also the debris from assisting electrode and tool electrode. Besides, the recast layer hardness keeps on increasing when the rotational speed increases. It is because the generated centrifugal force throws a layer of dielectric fluid in to the machining gap that sustained the production of carbon elements. Another fuction of dielectric fluid is it acts as a coolant. Thus, the molten material of debris and carbon elements that cannot be excluded from the machining gap will quench rapidly which causes the formation of recast layer. Fig. 1b and Fig. 1c shows SEM images for recast layer thickness of micro-EDMed surface with varying gap voltage. As shown in Fig. 1c , thicker recast layer (72.8 µm) was produced at 80 V compared to the recast layer thickness in Fig. 1b . Hence, based on the graph and SEM images, it is proven that thicker recast layer gives higher hardness. 
Optimization and Verification
By using Design Expert software, the optimization solution was produced based on a response and two parameters. The minimum recast layer hardness was 873.46 Hv with 395 rpm rotational speed and 110 V gap voltage. However, these results need to be verified in order to determine its reliability. Therefore, experiments were conducted based on the optimized parameters. The actual hardness values obtained from the experiments were compared with the optimize hardness with maximum error of 1.97%. The hardness has been increase from 873.46 Hv to 891.05 Hv. The percentage error for minimum recast layer hardness is relatively small which shows the developed empirical equation is significant.
Conclusions

